Chlorination and UV irradiation of RBC (rotating biological contactor)-treated light GW (greywater) was investigated. The ability of chlorine and UV to inactivate indictor bacteria (FC -Faecal Coliforms, HPC -Heterotrophic Plate Count) and specific pathogens (P.a. -Pseudomonas aeruginosa sp., S.a. -Staphylococcus aureus sp.), was assessed and their regrowth potential was examined. The RBC removed 88.5-99.9% of all four bacteria groups. Nevertheless, the treated GW had to be disinfected. Most of the chlorine was consumed during the first 0.5 h, while later its decay rate decreased significantly, leaving enough residual after 6 h to prevent regrowth and to further inactivate bacteria in the stored GW effluent. Under exposure to low UV doses (r69 mJ/cm 2 ) FC was the most resistant bacteria group, followed by HPC, P.a. and S.a. Exposure to higher doses (r439 mJs/cm 2 ) completely inactivated FC, P.a. and S.a., while no further HPC inactivation was observed. FC, P.a. and S.a. did not exhibit regrowth after exposure to all the UV doses applied (up to 6 h storage). HPC did not exhibit regrowth after exposure to low UV doses (19-69 mJ/cm2), while it presented statistically significant regrowth in un-disinfected effluent and after exposure to higher UV doses (147-439 mJ/cm 2 ).
INTRODUCTION
In recent years, ever growing interest has been given to onsite greywater (GW) reuse as a method for decreasing water demand in urban areas (Eriksson et al. 2002; Friedler 2008) . About 60-70% of the domestic water demand is transformed into GW (Rosner et al. 2006; Friedler 2008) , while the rest is transformed to blackwater (wastewater originating from toilets). Major GW reuse options are toilet flushing, especially suitable for dense urban areas, and garden irrigation which is more feasible in suburban and rural settings. GW is less polluted than municipal wastewater, which makes it a good candidate for on-site treatment and reuse, yet it does contain various pollutants. Pollutant concentrations in GW exhibit high variability, depending on the source of GW (i.e. the appliance generating the GW) and the type of use (i.e. for what was the appliance used), with values of 15-240 NTU for turbidity, 50-700 mg/L TSS, 180-650 mg-O 2 /L COD, 5-15 mg-N/L TKN, 5-500 mg-P/L TP, and 1-40 mg/L anionic surfactants (as MBAS) (Rose et al. 1991; Christova-Boal et al. 1996; Almeida et al. 1999; Dixon et al. 1999; Surandren & Wheatley 2003; Friedler 2004; Friedler et al. 2006) . The microbial quality of raw GW also exhibits high variability depending on its origin and type of use (Table 1) . Faecal Coliforms (FC) are typically found at concentrations of1 0 2 -10 7 cfu/100 mL in light GW (combined greywater stream originating from washbasins, showers and baths) and~10 3 -10 8 cfu/100 mL in mixed GW (light GW plus GW originating from washing machines, kitchen sinks and dishwashers). GW typically contains skin and mucous tissue pathogens (such as P. aeruginosa sp. (P.a.) and S. aureus sp. (S.a.)), breathable pathogens (e.g. L. pneumophila sp.) and faeces-related pathogens (e.g. C. perfringens sp., Cryptosporidium spp. and Giardia spp.).
It is obvious that GW can be safely reused only after appropriate treatment. In order to minimise health risks and due to the close proximity between the reused GW and the general public, special attention should be paid to the sanitary quality of GW. When reuse for toilet flushing is considered, the major health risk is associated with possible inhalation or ingestion of small droplets of GW resulting from splashing when the toilet is used and from aerosols that may form when the toilet bowl is flushed (ChristovaBoal et al. 1996; Avery 2005) . When garden irrigation is considered, the health risk is mainly associated with body contact and splashing.
Chlorine is commonly used for disinfection of potable water and treated wastewater effluent. The major advantage of chlorination over other disinfection technologies is its residual effect that prevents regrowth of pathogens when the treated GW is stored and conveyed for reuse. UV irradiation has several advantages over chlorination which make it especially suitable for small scale treatment plants, namely: no storage of the disinfectant is required, a dosing apparatus is not needed, and it does not create unwanted by-products. The major disadvantage of UV is the lack of residual disinfectant that may result in regrowth of pathogens in the reuse system. Another possible disadvantage of UV disinfection is its energy requirements. This paper investigates the kinetics of chlorine disinfection of RBC (Rotating Biological contactor)-treated GW effluent and its efficiency in improving the microbial quality of the treated GW, and evaluates the regrowth potential of selected bacteria species. Then, it compares the regrowth potential of these species in chlorine-disinfected GW effluent with their regrowth potential in UV-irradiated GW effluent.
METHODS

Description of the pilot plant
The research was performed in a pilot plant treating light GW (originating from baths, showers and washbasins) from 14 flats. The system consisted of pretreatment, followed by an RBC and a sedimentation basin (Figure 1 ). This system represents attached growth biological treatment of low energy consumption and minimum maintenance, having small footprint. These characteristics make it suitable for on-site treatment plants in densely populated urban areas.
Pretreatment included a fine screen (1 mm square mesh), followed by an equalisation basin (0.3 m 3 ). The RBC unit was comprised of two 15 L basins in series, each equipped with 13 circular discs on a horizontal axis (1 m 2 total surface area), 40% submerged in the liquid phase. The rotational speed of the discs was set at 13 rpm, creating linear velocity of 0.15 m/s at the outer edge of the discs, which is equal to the velocity at the outer edge of full scale discs (2-3 m diameter) rotating at 1-1.5 rpm (typical rotational speed in full-scale systems). Flow was perpendicular to the rotation axis of the discs at a rate of 9 L/h, resulting in a total mean residence time (MRT) of 2.33 h. The second RBC unit discharged into a sedimentation basin of 7.5 L (MRT 0.833 h). Treated GW effluent was disinfected either by chlorination or by UV irradiation in a batch mode.
Bacterial indicators
Bacterial quality of raw and treated GW was characterised by Heterotrophic Plate Count (HPC), Faecal Coliforms (FC), and by the two bacterial species: P. aeruginosa sp. (P.a.) (mucous tissue pathogen) and S. aureus sp. (S.a.) (skin pathogen), which are typical pathogens in light GW.
Analytical methods
The treatment system was operated and monitored for a period of six months. Samples of raw and treated GW were taken twice a week randomly (random days and times) in order to avoid bias. All analyses were performed according to the Standard Methods (APHA, AWWA, WEF 2005) Five quality parameters which may influence disinfection efficiency were analysed: COD (method 5220-C), BOD (method 5210-B), turbidity using a Lamotte 2020e turbidimeter (method 2130), UV absorbance (254 nm) by Geaesys 10 UV-Vis spectrophotometer (method 5910-B), and Total Ammonium Nitrogen (TAN, method 4500 F). Chlorine residual and chlorine demand were determined by the 4500-Cl and 2350-B methods, respectively.
Spread Plate Method was used to examine HPC (method 9215-C). All other bacteria were examined by Membrane Filter Method (method 9215-D). Samples were incubated according to the required conditions and were identified by specific confirmation tests.
FC was grown on mTEC agar (Acumedia) at 3570.51C for 2 h. Then the plates were transferred and incubated at 44.570.21C for 22-24 h. The confirmation test was performed using urea, as follows: The filter was transferred to a filter pad saturated with urea. After 0.25 h, yellow or yellow-brown colonies were counted as FC (method 9213-D).
P. aeruginosa sp. was grown on M-PA-C agar (Difco) at 41.570.51C for 48-72 h. For the confirmation test milk agar was used. P.a. hydrolyses casein and produces a yellowish to green diffusible pigment. A single streak line was made from typical colonies (light outer rims and brownish to greenishblack centres) on milk agar plates. The plates were incubated at 3571.01C for 24 h. Colonies with yellowish to green diffusible pigment were counted as P.a. (method 9213-E).
S. aureus sp. was grown on Staphylococcus Medium 110 agar (Difco) at 3572.01C for 18-48 h. After incubation, a confirmation test was performed on typical colonies (yelloworange pigment) by coagulation test (Staphylase Test Kit DR595, Oxoid), S.a. is coagulase-positive (method 9213-B).
Disinfection experiments
Chlorination
Chlorination experiments were carried out in two steps (batch mode):
1. Hypochlorite solution (0.2-0.25%) was added to seven vessels at increasing doses in order to reach 0.5 and 1 mg/L residual chlorine after 0.5 h contact time; these are referred to later as ''Low Dose'' and ''High Dose'', respectively. These two doses and contact time were selected since they are common requirements in many wastewater reuse regulations/guidelines. This step established the chlorine demand of the effluent. 2. Three new replicate samples were taken and dosed with chlorine to satisfy the chlorine demand (as established in step 1). The first replicates were analysed for residual chlorine, FC, HPC, P.a. and S a. after 0.5 h contact time, the second and third replicates after 3 and 6 h respectively.
UV irradiation
Seven UV doses were applied: 0, 19, 39, 44, 69, 147 and 439 mJ/cm 2 . These doses were determined experimentally by iodide-iodate actinometry (Rahn 1997; Rahn et al. 2003) .
Regrowth potential
Regrowth potential was assessed at 0.5, 3 and 6 h after exposure to either chlorination or UV irradiation. 0.5 h was selected as it is a contact time commonly used in microbial quality guidelines and regulations of water and effluent. Three and 6 h storage represent characteristic residence times of GW effluent in on-site reuse systems under normal operation. Samples were stored at room temperature (23721C) in a dark chamber to simulate conditions in the reuse system (closed conduits and tanks, unexposed to light).
RESULTS AND DISCUSSION
RBC effluent quality
The performance of the RBC unit should be divided into two periods: the first during which UV disinfection experiments were conducted, and the second during which chlorination experiments were performed. During the first period (UVexp) the performance of the RBC unit was very good, producing effluent of very high quality (Table 2) , with removal efficiencies of 96%, BOD, 95%, turbidity, and reduction of the UV absorbance, to very low values. COD removal was somewhat lower, indicating the presence of slowly or non-biodegradable organics. Due to technical malfunction of the RBC unit in the beginning of the second period (Cl 2 exp), the COD in the effluent was high (~100-150 mg-O 2 /L). After the RBC was repaired, COD concentrations in the effluent averaged 40-50 mg-O 2 /L, very similar to the values during the first period. Consequently, the average COD during the whole Cl 2 exp period was 100 mg-O 2 /L. The relatively high COD can interfere with chlorination by consuming chlorine (leading to high chlorine demand), and may enhance bacterial regrowth. TAN concentrations in the effluent were low, indicating a low chloramines production potential during chlorination.
The concentrations of the four bacteria groups detected in the raw GW (Table 3) fall well within the ranges reported in the literature for light GW (Table 1 ). The RBC-based system removed 1-3 orders of magnitude of all four groups. The residual concentration of HPC in the GW effluent was in the order of 10 5 -10 6 cfu/mL, FC and P.a. in the order of 10 2 cfu/ 100 mL. S.a. in the effluent ranged from 10 1 to 10 2 cfu/ 100 mL, being below the detection limit in 30-40% of the samples. Comparing the microbial quality of the RBC-treated GW effluent between the two experimental periods reveals that although effluent COD was higher during the beginning of the second period (Cl 2 exp) the removal efficiencies of the studied bacteria were not compromised and microbial quality of the effluent was generally the same. Nevertheless, the microbial quality of the treated GW did not meet reuse guidelines and, in order to ensure safe reuse, the effluent had to be further disinfected.
Chlorine demand and chlorine residual
The chlorine demand of the GW effluent (Table 4) was very low probably due to the high quality achieved and the very low residual TAN. March et al. (2004) reported initial chlorine demand about 50% higher for GW effluent, with a very high long-term demand (36 mg/L after 12 h storage). Figure 2 -B depicts two examples of chlorination curves. It can be seen that the curve for low COD effluent does not exhibit a break-point, while the curve of the high COD does.
Break-point occurs when ammonium consumes chlorine to form chloramines. Examination of the residual chlorine curves (Figure 2-B) reveals that most of the chlorine was consumed during the first 0.5 h, and from 0.5 h to 3 h, about 30% further reduction of the chlorine residual occurred. After 3 h the decay rate decreased significantly, leaving residual chlorine concentrations of 0.6 and 0.3 mg/L (high and low chlorine dose, respectively) after 6 h storage. The residual chlorine not only disabled regrowth of bacteria, but also resulted in further inactivation of FC, HPC and P.a. as storage time increased. Winward et al. (2008) report higher initial chlorine consumption of 10 mg/L (first 0.5 h) increasing to 16 mg/L after 2 h (60% increase). The higher and longer chlorine consumption reported by Winward et al. (2008) is most likely due to the fact that they chlorinated raw GW (although of very low strength) and not treated GW effluent.
Survival and regrowth of bacteria after chlorination
All the bacteria were reduced significantly after 0.5 h of chlorination (Table 5 ). FC and S.a. concentrations were reduced by almost two orders of magnitude, being below detection limit in 56% and 90% of the samples, respectively. HPC inactivation was also very high (3-4 orders of magnitude), resulting in residual HPC of~510 2 cfu/mL after 0.5 h of contact time. P.a. inactivation was only 1 order of magnitude, with none of the samples below the detection limit. Chlorine dose had a strong effect on S.a. (Figure 3) . When a ''high chlorine dose'' was applied, S.a. was completely inactivated. A similar but less profound effect was observed for P.a. and HPC. When exposed to a low chlorine dose, their concentrations in the effluent remained quite stable for up to 6 h of storage, while when exposed to a high dose their concentrations continued to decline with storage time. FC was found to have about the same sensitivity to both chlorine doses applied, exhibiting constant decline with time in both cases. From the results it is clear that no regrowth was observed up to 6 h of storage for all four bacteria groups, under both chlorine doses applied.
Comparison of UV disinfection with chlorination
Under exposure of the effluent to low UV doses (up to 69 mJ/cm 2 ) FC was found to be the most resistant bacteria group, followed by HPC, P.a. and S.a., which was the most UV-sensitive one. FC was inactivated by three orders of magnitude when exposed to UV dose of 69 mJ/cm 2 , while when exposed to higher doses it was completely inactivated. Two orders of magnitude of P.a. were inactivated after exposure to 44 mJ/cm 2 , while exposure to higher doses resulted in complete inactivation. Three orders of magnitude of S.a. were inactivated after exposure to 39 mJ/cm 2 , above which it was completely inactivated. HPC exhibited different behaviour; 3.5 orders of magnitude were inactivated when exposed to a UV dose of 69 mJ/cm 2 . However, no further inactivation was observed and HPC concentrations in the effluent remained constant (~1?10 2 cfu/mL), even after exposure to a UV dose of 439 mJs/cm 2 . FC, P.a. and S.a. did not exhibit regrowth (or further inactivation) potential for all UV doses applied (up to 6 h storage, Figure 4) . HPC presented different behaviour. After exposure to low UV doses (19, 39, 44 and 69 mJ/cm 2 ) it did not exhibit regrowth. On the other hand, it exhibited statistically significant regrowth (po0.036) in un-disinfected effluent and after exposure to relatively high UV doses (147 and 439 mJ/cm 2 ). In the un-disinfected effluent HPC growth probably occurred due to availability of carbon source and nutrients, while after exposure to high UV doses regrowth may have occurred due to growth of UV-resistant bacteria which had lower competition with other bacteria that were inactivated by the UV irradiation.
CONCLUSIONS
Disinfection by chlorination and UV irradiation of RBCtreated light GW was investigated. Special attention was given to the ability of chlorine and UV to inactivate indicator bacteria (FC and HPC) and specific pathogens (P. aeruginosa sp. and S. aureus sp.), and to the assessment of the regrowth potential of these bacterial groups. The performance of the RBC unit was generally very good, producing effluent of very high quality, with removal efficiencies of 96% BOD, 95% turbidity, and 89% of the UV absorbance. COD removal was somewhat lower (68%), indicating the presence of slowly or non-biodegradable organics. TAN residual concentrations were low, indicating a low Table 5 9 9 9 9 Survival of the studied bacteria groups 0.5, 3 and 6 h after chlorination FC (cfu/100 mL) Average 1. chloramines production potential during chlorination. The RBC removed one to three orders of magnitude of all four bacteria groups. Nevertheless, the microbial quality of the treated GW did not meet reuse guidelines and, in order to ensure safe reuse, it had to be further disinfected. It should be noted that producing effluent of high quality by the main treatment unit is a pre-requisite for efficient disinfection. Chlorine demand needed to reach residual chlorine of 1.0 and 0.5 mg/L (high and low dose, respectively) after 0.5 h contact was 3.1 and 2.4 mg/L respectively. Most of the chlorine was consumed during the first 0.5 h, while between 0.5-6 h chlorine decay rate decreased significantly, leaving enough residual chlorine to prevent regrowth of pathogen bacteria in the stored GW effluent (0.6 and 0.3 mg/L for high and low chlorine dose, respectively). This residual chlorine not only disabled regrowth of all four bacteria, but also resulted in further gradual inactivation of FC, HPC and P.a. FC and S.a. were reduced by two orders of magnitude, leaving residual concentrations below the detection limit in 56% and 90% of the samples, respectively. P.a. inactivation was only one order of magnitude. HPC inactivation was very high (three to four orders of magnitude), resulting in residual concentration of~5?10 2 cfu/mL.
Exposing the effluent to low UV doses (up to 69 mJ/cm 2 ) indicated that FC was the most resistant group, followed by HPC, P.a. and S.a. Exposure to high doses (69-439 mJ/cm 2 ) completely inactivated FC, P.a. and S.a. HPC exhibited different behaviour; 3.5 orders of magnitude were inactivated when exposed to a UV dose of 69 mJ/cm 2 . However, no further inactivation was observed and HPC concentrations remained constant (~1?10 2 cfu/mL), even after exposure to UV dose of 439 mJ/cm 2 .
FC, P.a. and S.a. did not exhibit regrowth (or further inactivation) potential for all UV doses applied (up to 6 h of storage). HPC, again, presented a different behaviour. After exposure to low UV doses (19-69 mJ/cm 2 ) it did not exhibit regrowth. On the other hand, it exhibited statistically significant regrowth in un-disinfected effluent and after exposure to relatively high UV doses (147-439 mJ/cm 2 ). In the undisinfected effluent HPC growth probably occurred due to availability of carbon source and nutrients, while after exposure to high UV doses regrowth may have occurred due to growth ofUV-resistant bacteriawhich hadlower competition with other bacteria that were inactivated by the UV irradiation.
Chlorine disinfection ensures safe storage and reuse due to residual chlorine. UV disinfection was found to be very efficient in inactivating bacteria. Considering the simplicity of UV disinfection, it can be used in GW reuse systems. Nevertheless, in order to prevent regrowth in the reuse system, UV units should be either constructed close to the point of use or followed by addition of residual disinfectant. 
